We consider an extension of the Standard Model with a singlet sector consisting of a real (pseudo)scalar and a Dirac fermion coupled with the Standard Model only via the scalar portal. We assume that the portal coupling is weak enough for the singlet sector not to thermalize with the Standard Model allowing the production of singlet particles via the freeze-in mechanism. If the singlet sector interacts with itself sufficiently strongly, it may thermalize within itself, resulting in dark matter abundance determined by the freeze-out mechanism operating within the singlet sector. We investigate this scenario in detail. In particular, we show that requiring the absence of inflationary isocurvature fluctuations provides lower bounds on the magnitude of the dark sector self-interactions and in parts of the parameter space favors sufficiently large self-couplings, supported also by the features observed in the small-scale structure formation.
I. INTRODUCTION
While the existence of a significant dark matter component in the universe has been clearly established, its interactions beyond the gravitational one remain to a large extent unknown. The direct search experiments provide stringent upper bounds for the coupling between dark matter and the Standard Model (SM) particles, while the astrophysical observations of galaxy cluster mergers provide limits for the possible self-interactions within the dark matter sector: for example, the Bullet Cluster requires σ DM /m DM < ∼ 1cm 2 /g [1] [2] [3] [4] [5] . If σ DM /m DM is at the edge of this observational limit [6, 7] , one may still explain the shift of the gravitational centers observed for Abell 3827 [8] and address the core-cusp problem [9] [10] [11] , the missing satellites problem [12] and the too big to fail problem [13] .
In light of the direct search constraints, one appealing production mechanism for the dark matter abundance is the so-called freeze-in [14, 15] . In this scenario, the coupling between the dark and visible sectors takes a very small value, O(10 −10 ), and the observed dark matter abundance is produced out-of-equilibrium from thermal bath of SM fields. However, strong dark matter selfinteractions may lead to a more complicated thermal history of the dark sector. It becomes necessary to consider the possibility of thermalization of the dark sector fields within themselves. This results in dark matter produc- * matti.heikinheimo@helsinki.fi † tommi.tenkanen@helsinki.fi ‡ kimmo.i.tuominen@helsinki.fi § ville.vaskonen@jyu.fi tion due to the freeze-out mechanism which occurs in the dark sector.
In this paper we consider, as a representative model example, the Higgs portal model with the dark sector constituted by a singlet scalar and a singlet fermion. We investigate in detail the interplay between the constraints arising from the cosmological and astrophysical observations. Earlier studies on observational properties of frozen-in dark matter in similar models include the case of an ultra-strongly interacting dark matter [16] , cosmological, astrophysical and collider constraints on sterile neutrinos [17] [18] [19] [20] , and displaced signatures at colliders [21, 22] . Frozen-in dark matter has also been used to explain the disagreement between structure formation in cold dark matter simulations and observations [23] . Dark matter interpretation of a spectral feature at E 3.55 keV observed in X-ray observations from several dark matter dominated sources [24, 25] has been studied in [26] [27] [28] [29] [30] [31] , and the galactic centre gamma ray excess in [32] . In our analysis we will also comment on the parameter space relevant for the 3.55 keV line within our model. Further cosmological constraints are discussed in e.g. [33] .
Our main new result is that the constraint on isocurvature fluctuations, present in any dark sector not in thermal equilibrium with the visible sector [34, 35] , favors non-negligible self-interactions in the dark sector. Combining this with the constraint from the astrophysical observations of cluster mergers then makes the possibility of nontrivial thermal history of the dark sector more plausible.
The paper is organized as follows: In Section II, we introduce the model and consider the thermal history of the dark sector in detail. In Section III, we describe the scalar field dynamics in the early universe and present the analysis of the parameter space of the model imposing the cosmological and astrophysical constraints. In Section IV, we present our conclusions and outlook for further work.
II. THE MODEL AND THE RELIC ABUNDANCE
As a concrete model example, we consider the Standard Model (SM) extended by a singlet sector consisting of a real singlet (pseudo)scalar s and a sterile neutrino ψ. The only nongravitational interaction between this singlet sector and the visible SM sector is via the scalar portal coupling λ hs |Φ| 2 s 2 , where Φ is the SM Higgs field. We assume that the singlet sector is invariant under the parity transformation ψ(t, x) → γ 0 ψ(t, −x) and s(t, x) → −s(t, −x). The fermionic part of the singlet sector Lagrangian is
and the most general renormalizable scalar potential is given by
(2) In the vacuum at T = 0, then, the mass of the singlet is m 2 s = µ 2 s + λ hs v 2 EW /2, where v EW = 246GeV is the vacuum expectation value of the Higgs field. The mass of the Higgs particle is fixed to the observed value m h = 125 GeV, and we assume that µ 2 s is positive and large enough so that m 2 s remains positive even if λ hs < 0. We do not specify any particular dynamical origin for the scalar or fermion mass terms, as our goal is rather to investigate the observational consequences of this generic class of portal models. Note that here either the fermion ψ or the scalar s, or possibly both simultaneously, can be the dark matter candidate.
If the portal coupling takes a value |λ hs | < ∼ 10 −7 the singlet sector does not enter thermal equilibrium with the visible sector [36] and the dark matter abundance is produced via the standard freeze-in scenario 1 which is our primary interest here. However, depending on the strength of the dark matter self-coupling, the thermal history of the dark sector may exhibit various features which we shall now explore in more detail. Typically, when the freeze-in scenario is discussed, the effects of dark matter self-interactions are assumed to be negligibly small, in line with the feeble interactions connecting the dark matter to the SM. However, a nearly decoupled sector with nontrivial internal dynamics is a perfectly viable and technically natural scenario, as discussed in [38] . Moreover, we will show that the self-coupling of the frozen-in scalar dark matter field is bounded from below by the isocurvature constraints, further motivating the study of self-interacting frozen-in dark matter. The thermal history of a self-interacting dark matter species with number changing interactions, such as 3 → 2 or 4 → 2 scattering, was first discussed in [39] and recently in e.g. [40, 41] . The thermal history of a frozen-in selfinteracting dark sector has been discussed in [33, 42] in the case where the dark sector is equipped with a massless force carrier, a dark photon. A scenario similar to ours has been studied in [43] .
A. Scalar freeze-out
Let us consider first the scenario where the dark matter is constituted by the singlet scalar, m s ≤ 2m ψ . For simplicity, we will assume that the fermion in this case is heavy and decoupled from the low-energy spectrum. The thermal history of the dark sector proceeds as follows: first, an initial population of dark matter is produced through Higgs decays [42] ,
where n eq h is the equilibrium number density of the Higgs boson in the SM plasma, H is the Hubble rate and the expression is evaluated when the temperature of the SM plasma is T ≈ m h . The Higgs decay width into dark matter particles is given by
In the standard freeze-in scenario this is the final relic abundance that simply dilutes with the scale factor after the production of dark matter through Higgs decays has stopped. However, if the number changing interactions, i.e. the 2 → 4 scattering processes 2 in the dark sector are fast, they will lead to a chemical equilibrium within the dark sector, reducing the average momentum of the dark matter particles and increasing their number density.
Threshold for thermalization of the dark sector is estimated by n D σ 2→4 v H. We further assume that the dark matter particles are much lighter than the Higgs, so that the initial dark matter population produced through Higgs decays is very relativistic. In the relativistic limit the 2 → 4 scattering cross-section scales as σ 2→4 v ∼ T −2 ∼ a 2 , so that while the dark matter is relativistic, the scattering rate increases with respect to the Hubble rate as n D σ 2→4 v /H ∼ a. As the SM bath temperature decreases below T ∼ m s , the dark matter becomes nonrelativistic and the thermally averaged cross-section becomes a constant,
and the scattering rate starts to decrease with respect to the Hubble rate as ∼ a −1 . Therefore, threshold for thermalization of the dark sector can be estimated by comparing the scattering rate to the Hubble rate at temperature T = m s . We find that, within this approximation, the thermalization will take place if the self-coupling exceeds the critical value
where g * (T ) is the effective number of relativistic degrees of freedom in the SM plasma at temperature T and M P is the Planck mass. For λ s < λ FI s the usual freeze-in picture is sufficient.
If the self-coupling is larger than this value, the dark sector enters chemical equilibrium, where the 2 ↔ 4 interactions maintain the equilibrium number density at the dark sector temperature T D , until the 4 → 2 interaction rate drops below the Hubble rate and the number density freezes out. This mechanism is referred to as dark freeze-out. The final relic abundance depends on the freeze-out temperature of the 4 → 2 scattering rate, which in the nonrelativistic limit is estimated as
and on ratio of temperatures in the dark and visible sectors. This is given by the initial energy density transferred to the dark sector through the Higgs decays as
where g * D = 2 is the number of relativistic degrees of freedom of the dark sector, ρ is the energy density of the SM plasma, ρ D Γ h→ss (T )m s n eq h (T )/H(T ) is the energy density of the dark sector, where [42] .
After the decoupling of the visible and dark sectors at T ∼ m h /3, the entropies of both sectors are conserved separately, and hence the ratio of the entropy densities χ ≡ s/s D remains constant. As was first derived in [39] , this can be cast as an equation for the dark freeze-out temperature
in terms of the current dark matter abundance Ω DM : By entropy conservation, χ can be expressed in terms of the initial value ξ 0 obtained by evaluating Eq. (8) at
On the other hand, the dark freeze-out temperature can be estimated as the temperature at which the 4 → 2 interaction rate drops below the Hubble rate, resulting in
Equating (9) with (10) and requiring the dark matter abundance to be the observed one, Ω DM h 2 = 0.12, yields a relation between the three parameters of the model, m s , λ s , λ hs . An example of how the dynamics we have discussed here operates is depicted in Figure 1 for fixed value of the dark matter mass, m s = 0.1 GeV. The dashed line in the lower right corner shows the portal coupling that results in the observed dark matter abundance in the dark freeze-out scenario. The dotted horizontal line is the value that produces the correct relic abundance in the standard freeze-in scenario, where the dark sector does not thermalize. The critical value for thermalization is presented by the solid diagonal line, above which the dark sector reaches chemical equilibrium. To the left of the solid line the relic abundance can be obtained by the standard freeze-in mechanism, and to the right by the dark freeze-out mechanism. In the region between the two vertical gray lines, there are no solutions that would yield the correct relic abundance within the approximations made in this calculation.
The results as a function of m s and λ s are shown in Figure 2 . Along the solid, dashed, dotted and dot-dashed black lines the correct relic density is obtained for portal couplings λ hs = 10 −12 , 10 −11 , 10 −10 and 10 −9 , respectively. Above the blue shaded region the abundance is produced by the dark freeze-out mechanism at a temperature where the dark matter is non-relativistic. Within the blue shaded region the dark freeze-out happens at a (semi)relativistic temperature, characterized by x FO D ≤ 3. In the red region below the blue one, we find no solutions that would yield the correct relic abundance; see Figure  1 . Below the red region the observed dark matter abundance can be produced via the usual freeze-in mechanism.
The allowed parameter space for the dark matter mass is limited from below by the constraints on warm dark matter arising from Lyman-α forest data [44] , excluding warm dark matter with mass below m DM ≈ 3 keV. Relativistic dark freeze-out for dark matter mass above this limit, however, is compatible with constraints from structure formation and matter power spectrum. In Figures 2 and 3 the blue region therefore represents allowed parameter space. However, our calculation for the relic abundance has been performed in the limit of nonrelativistic freeze-out, and therefore the required value of the portal coupling for obtaining the correct dark matter abundance is subject to relativistic corrections, which are not generally small in this region. Therefore, we have truncated the lines presenting the solution for the selected values of λ hs in this region. A solution that yields the correct dark matter abundance can in general be found also in the relativistic case, but we postpone the detailed numerical analysis of this problem for later work. Furthermore, it should be noted that the red region where our method of approximating the dark matter abundance produces no valid solutions, lies deep in the relativistic freeze-out regime. Therefore it is likely that also within this region, a full numerical analysis would find a solution that produces the observed relic abundance.
B. Fermionic freeze-out
Including the fermion in the spectrum, we can essentially repeat the previous treatment for the relic abundance. We will focus here on the scenario where a mass hierarchy m ψ m s m h applies, so that the initial production of dark matter proceeds through the Higgs decays into the scalars s as above, followed by the decay s →ψψ.
Again, the thermal evolution of the dark sector is very sensitive to the self-interactions in the scalar sector. Due to the presence of the fermion Yukawa coupling the situation is also somewhat different from the scalar case treated in the previous section. Depending on the relative strength of the scalar 2 → 4 scattering rate and the decay rate
The self-coupling as a function of the dark matter mass required to obtain the correct relic abundance for λ hs = 10 −12 , (solid black line) λ hs = 10 −11 (dashed black line), λ hs = 10 −10 (dotted black line) and λ hs = 10 −9 (dotdashed black line). In the blue shaded region the freeze-out happens at a (semi)relativistic temperature, in the red shaded region we find no solutions to obtain the observed dark matter abundance, and in the lower white region the dark matter abundance can be obtained via the standard freeze-in scenario.
the scalars may thermalize before their decay.
The ratio of the scattering and decay rates can be estimated as
where γ = m h /2m s is the relativistic time dilation factor.
Consider first the case where the above ratio is large, i.e. the part of the parameter space where the scalar scattering is irrelevant for the thermalization of the dark sector. The relevant scattering processes are 2 → 4 fermion scatterings, and in the nonrelativistic limit their crosssections are
We can then repeat the analysis of the previous section, keeping in mind that the number of relativistic degrees of freedom contributing to the initial entropy density of the dark sector is now g * D = 2 + 7 4 for one charged scalar and one Dirac fermion. We find that the critical coupling above which the dark sector thermalizes is now given as 
where
Since the number changing fermion self-scattering is suppressed by 8 powers of the Yukawa coupling, the fermionic dark sector thermalizes only for relatively large values of g. This is shown in Figure 3 , where the color coding of the thick black lines and the shaded regions is as in Figure 2 , and we have fixed the mass hierarchy of the dark sector as m s = 10m ψ . From Figure 3 we see that for g 0.01 the dark sector does not thermalize via the above mechanism, and the relic abundance may be achieved by the usual freeze-in mechanism.
However, let us now take into account that if the scalar self-coupling is large enough, i.e. the ratio in Eq. (12) is small, the dark sector can thermalize immediately after the initial production of the scalars by scalar 2 → 4 scattering. This boundary is depicted in Figure 3 by the solid, dashed and dotted red contours corresponding, respectively, to λ s = 0.1, 0.01 and 0.001. In the region below and to the left of these contours the dark sector will thermalize and affect the determination of the relic abundance. if the fermion Yukawa coupling is very small, the particle production is dominated by the dark freezeout of the scalar abundance (blue thick curve). As 2m ψ ≤ ms these will ultimately decay to fermions and the dark freezein will provide only a subleading contribution to the fermion abundance (red thin curve). Lower panel: as the Yukawa coupling increases, but is not strong enough for the fermions to thermalize, the dark freeze-in production (red thin curve) is more important than the contribution from the scalar freezeout (blue thick curve).
In this region, there are different possibilities depending on how thermalization is attained between different particle species. Two different possibilities for particle production dynamics are qualitatively depicted in Figure 4 : first, the upper panel of the Figure corresponds to the case where the fermion Yukawa coupling g is very small, and the relic abundance is determined by the scalar freeze-out. The scalars have a long lifetime, τ ∼ 1/g 2 , and ultimately they decay to fermions. Due to smallness of the coupling g, particle production via fermion freeze-in during the phase where scalars have thermalized is negligible. Second, the lower panel of the Figure corresponds to the case where the coupling g is small enough for the fermions not to thermalize but large enough for the dark freeze-in of fermions to become the dominant dark matter production mechanism. In this case most of the final dark matter abundance is produced out-of-equilibrium within the dark sector, from the thermal bath of the singlet scalars, in an analogous manner to the usual freeze-in mechanism. For parameter values corresponding to the domain directly below the red lines of Figure 3 , thermalization of fermions becomes also possible. We leave the detailed investigation of these dynamics, in particular the region where the ratio (12) is of order one, for future work, and consider in this paper the region above the red lines in Figure 3 , where the ratio is large.
III. OBSERVATIONAL CONSTRAINTS A. Scalar field dynamics in the early universe
In order to fully utilize the cosmological and astrophysical constraints, it is crucial to study particle dynamics not only in the vicinity of the current collider energies but at the highest energy scales we can probe also by other means, i.e. the scales of cosmic inflation.
Scalar fields which are light during inflation typically acquire large fluctuations proportional to the inflationary scale H. The resulting displacement of the field from its vacuum creates an effective primordial condensate over the observable universe [45] . Such primordial condensate of inflationary origin in general constitutes an isocurvature component uncorrelated with perturbations in the SM sector. For scalars very weakly coupled with the SM, this isocurvature component will persist. Furthermore, if such scalar sources the dominant dark matter component, the isocurvature fluctuations get imprinted on the dark matter abundance. Such a scenario is strictly constrained by observations of the Cosmic Microwave Background (CMB).
In our model, the singlet scalar s and the Higgs field acquire large inflationary fluctuations. The Higgs condensate decays rapidly into SM particles, see [36] , and any isocurvature component is washed away. On the other hand, the singlet field does not feel the thermal bath of SM particles if |λ hs | < ∼ 10 −7 and, consequently, it can produce a sizeable fraction of dark matter out of the primordial s condensate [35, 46] .
Let us consider the generation and evolution of the fluctuation δs ∼ H in more detail. Assuming |λ hs | √ λ h λ s , the probability of having a particular initial value s * at the onset of the post-inflationary era over the entire observable universe is described by the probability distribution function [45] 
where N is a normalization constant and
depending, respectively, on whether the quartic or quadratic term dominates the potential at the end of inflation. Here H * denotes the value of the Hubble parameter at the horizon crossing of largest observable modes. If λ s s 2 * > µ 2 s , the quartic term dominates the potential at the end of inflation. Using the typical values (17) for s * we see that this condition requires λ s > ∼ 10(µ s /H * ) 4 , i.e. for the quadratic term to dominate the potential at the end of inflation either λ s has to be very small or µ s ∼ H * . Because in astrophysical considerations the mass of the dark matter particle is usually required to be very small compared to the inflationary scale, in the following we will consider only the case where the quartic term dominates the potential at the end of inflation.
After inflation, the s field remains nearly constant until it becomes effectively massive, V ∼ H 2 . After this, the homogeneous s condensate starts to oscillate with a decreasing envelope. The primordial s condensate can then decay to dark matter particles which never come into thermal equilibrium with SM particles if |λ hs | 10 −7 [35, 46] . The dark matter abundance sourced by a primordial field is given by
where n = 1 if the primordial field decays to s particles or if the primordial field does not decay before photon decoupling, and n = 2 if the primordial field decays to fermions directly or via process s 0 → 2s → 4ψ. Whether the primordial field decays to scalars or to fermions depends on the couplings, see reference [35] for details.
B. Isocurvature from a primordial source
The dark matter component sourced by the primordial field constitutes isocurvature fluctuations. The amplitude of isocurvature fluctuations is heavily constrained by CMB observations, which give an absolute upper bound for dark matter abundance sourced by the singlet condensate [35] 
The singlet particles can still constitute all dark matter when most of the abundance is produced by the standard freeze-in mechanism and only a small fraction by decay of the primordial field. To see how probable it is for the given values of model parameters (H * , m ψ , λ s and g) to satisfy the isocurvature constraint (19), we calculate the probability distribution function for
where P s is given by (16) . Now the integral P ≡ 1 0 dzP f (z) gives the probability of having a small enough initial field value s * to get below the isocurvature constraint (19) .
Using (18) , and requiring P > 0.1%, i.e. that we do not live in a very atypical universe, we get an upper bound on dark matter particle mass
which could also be expressed as a lower bound on scalar self-interaction strength for fixed m DM , H * .
C. Dark matter self-interactions
As shown in Eq. (21), cosmological constraints imply a lower bound on scalar self-interaction strength. On the other hand, astrophysical observations provide an upper bound on dark matter self-interactions. Assuming that all dark matter is self-interacting, the upper bound is [1] [2] [3] [4] [5] 
In the limit m s m h the singlet scalar self-interaction cross-section divided by its mass is
If s constitutes dominant fraction of total dark matter abundance, we get a lower bound on s mass by combining (22) and (23) . Hence the dark matter particle mass is bounded from above by the isocurvature bound (21) and from below by (22), 0.026λ
These bounds are illustrated in Figure 5 , superimposed over the relic abundance limits discussed in Figure 2 . The yellow shaded region in the top left corner is constrained by the self-interaction bound σ DM /m DM < 1 cm 2 /g from the cluster merger observations, while the dotted and dashed yellow lines show the astrophysically interesting region corresponding to the self-interaction cross-section between 0.1 and 10 cm 2 /g. The gray contours show the isocurvature constraint for H * = 10 13 , 10 12 , 10 11 , 10 10 GeV from left to right, so that for a given inflationary scale the region to the right of these contours is ruled out by the non-observation of isocurvature fluctuations. For example, for Higgs inflation H * 2 × 10 13 GeV [47] , which, if verified by the next generation CMB satellites, rules out large portions of the parameter space.
The isocurvature constraint (21) was derived in [35] assuming that the comoving number densities of the singlet scalars produced by the decay of the primordial condensate and via the freeze-in mechanism are separately conserved. It is then straightforward to compare the abundance of the primordial component that contributes to isocurvature fluctuations to the overall abundance of dark matter. However, if the number changing interactions in the dark sector become active and the dark The self-interaction bound and isocurvature constraints for the scalar dark matter scenario. The selfinteraction limit, σDM/mDM < 1 cm 2 /g, is shown by the yellow shaded region in the top left corner together with the σDM/mDM = 10, 0.1 cm 2 /g contours (dashed and dotted, respectively), and the isocurvature constraints by the gray contours for H * = 10 13 , 10 12 , 10 11 , 10 10 GeV from left to right. The area to the right of each contour is ruled out for the given value of the inflationary scale H * . The blue and red shaded regions and the black lines correspond to those in Figure 2. sector thermalizes, the situation is slightly more complicated. In this case we have derived the bound by comparing the energy density carried by the scalars produced from the primordial condensate to the energy density of the scalars produced via the freeze-in mechanism, at the time of the dark sector thermalization. For simplicity, we assume thermalisation to take place at T = m s , which is the latest moment when the dark sector can reach chemical equilibrium, as discussed above. Using ρ ∼ a −3 we evaluate the energy density of the component carrying the isocurvature contribution, equation (18) , at the thermalisation temperature. The adiabatic component, produced via the freeze-in mechanism, is relativistic before thermalization, so the initial energy density given by (3) scales as ρ ∼ a −4 from the initial freeze-in temperature T ≈ 1 2 m h to the thermalization temperature T ≈ m s . After the equilibration of the dark sector, the particles from both origins will contribute to the thermal bath of dark matter, so that the relative abundance of the isocurvature component with respect to the total dark matter abundance will remain constant from there on and we can directly apply the result (19) to evaluate the isocurvature constraint in this case.
The effect of this correction is to increase the importance of the isocurvature constraint: thermalization of the dark sector increases the number density of dark matter particles, resulting in a larger final dark matter abundance than in the standard freeze-in scenario, so that in order to produce the observed dark matter abundance in the end, a smaller initial abundance of scalars is needed. Thus, an initial population of scalars produced from the decay of the primordial condensate will contribute a larger fraction of the total dark matter energy density than it would in the standard freeze-in scenario.
As our calculation of the initial dark matter abundance required in the dark freeze-out scenario has been performed assuming a non-relativistic freeze-out, we have truncated also the isocurvature contours in the blue shaded region, where our solution would be subject to large relativistic corrections. We shall postpone a more detailed numerical analysis of this situation for a future publication.
Overall, the noticable feature is that, in the case of scalar dark matter of mass m s and for fixed inflationary scale H * , the isocurvature constraint bounds the scalar self-interactions from below, possibly resulting in nontrivial thermal history of the dark sector as discussed in the previous section. For a very large inflationary scale H * both the mass m s and the self-interaction coupling λ s have to be very small to satisfy the bounds.
A similar result can be derived for fermions. In the limit g 2 m ψ /m s 1 the fermionic self-interaction crosssection divided by mass is
If ψ constitutes dominant fraction of total dark matter abundance, combining (21) and (25) gives an upper bound on ψ mass
where the former limit is given by the dark matter selfinteraction limit (25) and the latter by the isocurvature bound (21) . The results are shown in Figure 6 .
D. Other constraints
Another potential constraint for light dark matter arises from the expansion rate of the universe during the Big Bang nucleosynthesis, typically formulated in terms of the effective number of neutrino species N eff ν < 3.38 [48] . However, as the entropy density of the dark sector in our scenario is always very small compared to the SM plasma, χ 10 3 to produce the observed dark matter abundance, the dark sector never contributes significantly to the effective number of relativistic degrees of freedom, and this bound is always avoided in the otherwise allowed parameter space. A similar conclusion was also reached in [43] .
As an extension of our model, we can consider a scenario where the singlet fermion, i.e. the sterile neutrino . Same as Figure 5 for the case of fermion dark matter, for ms = 10m ψ . The red contour marks the thermalization via scalar self-scattering for λs = 0.1 as in Figure 3 , and λs = 0.01 has been used for the isocurvature contours.
mixes with the active ones. Such a scenario is relevant, for example, as a dark matter interpretation of a spectral feature at E 3.55 keV observed in X-ray observations from several dark matter dominated sources [24, 25] . While non-dark matter explanations of this observation have been suggested [49] [50] [51] , the origin of the 3.5 keV line as dark matter decay has not been conclusively excluded [52] . If dark matter is constituted by a sterile neutrino as in our model, and saturation of the observed abundance is assumed, then matching the intensity of the observed spectral line implies that the mixing angle should be sin 2 (2θ) 4.3 × 10 −11 [24] . The energy of the observed line fixes the mass of the sterile neutrino to be 7.1 keV. The small sterile-active mixing does not affect the stability of the dark matter candidate on the timescales relevant for our analysis of the relic abundance and associated constraints. Also, even if the non-resonant oscillations will contribute to the production of the dark matter abundace, this is expected to be of the order of few percent in the present case [24] . Hence, the results we have presented earlier remain valid also in the case of small mixing between the sterile and active neutrinos.
From Figure 6 , we see that for the dark sector mass hierarchy m s = 10m ψ as chosen here, the 7 keV fermion mass resides in the freeze-in region. Thus, within this mass hierarchy, the dark matter abundance can be produced via the standard freeze-in mechanism through the scalar portal, as long as the Yukawa coupling is below g 0.004 and the scalar self-coupling is not too large (below λ s 10 −2 for g 10 −4 , or λ s 10 −3 for g 10 −6 ), so that the dark sector does not thermalize. The correct relic abundance is then produced via freeze-in for the portal coupling λ hs 4 × 10 −9 .
For this mass hierarchy, the self-interacting scenario σ/m ψ ∼ 1cm 2 /g resides in the red region, where the observed dark matter abundance can not be produced. However, as the self-interaction cross-section (25) is a function of the scalar mass, this situation changes for a different dark sector mass hierarchy. For m s = 100m ψ , the self-interacting case for m ψ = 7 keV corresponds to g 0.2, yielding a relativistic dark freeze-out of the fermion abundance.
In conclusion, the 7 keV sterile neutrino scenario is compatible with either the freeze-in or dark freeze-out production mechanism of dark matter, depending on the mass spectrum of the singlet sector, and the selfinteracting dark matter scenario can be achieved in the relativistic dark freeze-out case, given a large enough mass hierarchy within the dark sector.
IV. CONCLUSIONS
In this paper we have considered observational consequences of self-interacting, initially non-thermal dark matter. We have considered a simple hidden sector model, where the dark matter particle is either a sterile neutrino coupled with the SM only via a scalar portal, or the portal scalar itself. The out-of-equilibrium production mechanism requires that the portal coupling is very small, O(10 −10 ), and hastily one would conclude that such singlet sector would easily remain undetected.
As we have shown, despite the tiny portal coupling, there are observational consequences of this scenario. First and foremost, the inflationary fluctuations of the singlet scalar mediator, which does not thermalize with the SM, contain a significant isocurvature component which is imprinted on the dark matter abundance. To avoid these constraints, a lower limit must be imposed on the scalar self-coupling, which on the other hand is limited from above by astrophysical bounds on scalar dark matter self-interactions. Additionally, the non-negligible self-coupling may lead to thermalization within the dark sector, resulting in a dark freeze-out mechanism for the relic abundance, rather than the standard freeze-in scenario.
Together these consequences place stringent bounds on model parameters. We have found that if the dark matter abundance constitutes of s particles, the scalar mass is bounded from above by the isocurvature bound and from below by its self-interactions, (24) . In case the sterile neutrinos constitute the dark matter abundance, an upper bound can be derived, (26) . Furthermore, the self-interacting dark matter region, characterized by 0.1 cm 2 /g σ DM /m DM 1cm 2 /g, is only accessible for very light dark matter masses, m s 10 keV via freeze-in, and for m s 0.1 GeV via dark freeze-out in the scalar dark matter scenario, see Figure 5 . For sterile neutrino dark matter the self-interactions are suppressed by the mass of the scalar mediator, and the allowed range for self-interacting dark matter is even more constrained than in the scalar case, see Figure 6 . Finally, the model can be enlarged to allow for mixing between the sterile neutrino and the active ones. A tiny mixing allows for a dark matter interpretation of the spectral feature at E 3.5 keV observed in the X-ray spectra from several dark matter dominated sources.
We have shown that even a simple isolated sector, containing only the portal scalar and a singlet fermion, can accommodate a multitude of thermal histories resulting in warm or cold dark matter, depending on the internal couplings within the dark sector. Work remains to be done to further investigate frozen-in dark sectors with even more structure, such as broken or unbroken gauge interactions and different mass hierarchies. The ongoing and planned CMB polarization experiments will probe the amplitude of the tensor perturbations down to r 10 −3 , corresponding to an inflationary scale H * ∼ 10 13 GeV. As we have shown, a positive observation would immensely affect not only models of inflation, but also dark matter models of this kind, ruling out large portions of the parameter space.
